Acute respiratory infections (ARI) are a leading cause of childhood illness and death worldwide, accounting for an estimated 6.5% of the entire global burden of disease. 1 In Zimbabwe, as in many other developing countries, ARI are the leading cause of childhood mortality. 2 This study examines the association between household use of high pollution biomass fuels (wood, dung, or straw) and ARI prevalence in children in Zimbabwe using data from a recent nationally representative household survey.
In such settings, daily average and peak exposures to air pollutants often far exceed safe levels recommended by the World Health Organization. 6 A comparison of typical levels of carbon monoxide (CO), particulate matter ഛ10 µm (PM 10 ), and ഛ2.5 µm (PM 2.5 ) in developing-country homes using biomass fuels with the US Environmental Protection Agency's standards for 24-hour average concluded that indoor concentrations of these pollutants in biomass-fuel-using developing-country homes usually exceed the guideline levels several-fold. 4 Exposure levels are usually much higher among women who tend to do most of the cooking 7 and among young children who stay indoors and who are often carried on their mother's back or lap while cooking. 8 A recent baseline survey conducted in two districts of Zimbabwe found that women and young children spend an average of 5 hours per day in the kitchen area, where air pollution levels from biomass fuel combustion for cooking tend to be very high. The measured levels of CO in the kitchen were in the range of 300-1000 p.p.m. 9 Exposure to biomass smoke has been strongly associated with ARI in preschool age children [10] [11] [12] [13] [14] and with chronic obstructive pulmonary disease (COPD) or chronic bronchitis in women. [15] [16] [17] [18] [19] [20] [21] However, a few studies of preschool age children [22] [23] and several studies of school age children [24] [25] [26] have failed to find a relationship between biomass smoke and ARI. For a comprehensive review of studies on indoor air pollution and ARI see Smith et al. 27 Biomass smoke has also been associated with other major respiratory diseases including tuberculosis [28] [29] [30] and asthma, [31] [32] [33] [34] [35] [36] but the evidence for tuberculosis is limited and the evidence for asthma is conflicting.
An earlier study in Zimbabwe compared 244 children under age 3 who visited a hospital with lower respiratory disease with 500 children of similar nutritional and socioeconomic background reported to a local Well Baby Clinic and found a significant association between the presence of woodsmoke pollution in the house and lower respiratory disease. 37 This hospital-based study of 244 ARI cases is the only study to date that has tried to link biomass smoke with ARI in children in Zimbabwe.
Methods
The analysis presented in this paper is based on information on 3559 children under age 5 years included in the fourth Zimbabwe Demographic and Health Survey (ZDHS) conducted in 1999. The ZDHS collected demographic, socioeconomic, and health information from a nationally representative probability sample of 6369 households and 5907 women age 15-49 in the sample households, representing all 10 provinces of Zimbabwe. The sample is a two-stage cluster sample with an overall response rate of 97.8%. In the first stage, 230 enumeration areas were selected with equal probability. In the second stage, households were selected using probability proportional to size (PPS) sampling, after a complete household listing and mapping of the selected enumeration areas. To allow estimation of key demographic and health parameters separately for the 10 provinces, the sampling design allowed for over sampling of smaller strata. The survey questionnaires were carefully translated into Shona and Ndebele languages, and back translated to ensure that the questions measured what they intended to measure. The questionnaires were field tested in April 1999 in the Bulawayo and Gweru areas using 150 Shona and Ndebele households. Training for the field staff for the main survey was conducted over a 4-week period in July 1999. Data were collected during 15 August to 30 November 1999. Further details about the sampling design, survey management, and quality control are provided in the basic survey report. 2 For each child under age 5, the mother was asked if the child had been ill with a cough in the 2-week period preceding the survey interview. For children who had been ill with cough in the last 2 weeks, the mother was additionally asked if the child, when ill with cough, breathed faster than usual with short, rapid breaths. Children who suffered from cough accompanied by short and rapid breathing at any time during the last 2 weeks are defined as having suffered from an acute respiratory infection. This reported prevalence of ARI is the response variable in our analysis.
Exposure to cooking smoke was ascertained indirectly by type of fuel used for cooking. The survey used an eightfold classification of main cooking fuel-wood, dung, straw, charcoal, kerosene, electricity, liquid petroleum gas (LPG)/natural gas, and a residual category of other fuels. The question was, 'What type of fuel does your household mainly use for cooking?' Information on fuel types was used to group households into three categories representing the extent of exposure to cooking smoke-high pollution fuels (wood, dung, or straw), medium pollution fuels (kerosene or charcoal), and low pollution fuels (LPG/natural gas or electricity). The small residual category of other fuels (0.1% of the sample) was excluded from the analysis due to unknown nature of fuels in that category.
A number of multivariate logistic regression models were estimated to assess the effects of cooking fuel type (representing exposure to cooking smoke) and other factors on ARI. The analysis was carried out using the GENMODE procedure in the SAS System. 38 Control variables, identified in previous research as covariates of ARI, included age of child in months (0-5, 6-11, 12-23, 24-35, 36-59) , sex of child (boy, girl), birth order of child (1, 2, 3, 4+), nutritional status of child (stunted, not stunted), mother's age at childbirth (15-24, 25-34, 35-49) , mother's education in completed years of schooling (Ͻ3, 3-6, 6+), mother's religion (Christian, non-Christian), household standard of living (low, medium, high), and region of residence (Manicaland, Mashonaland Central, Mashonaland East, Mashonaland West, Matabeleland North, Matabeleland South, Midlands, Masvingo, Harare, Bulawayo). See footnotes to Table 1 for definitions of child's nutritional status and household standard of living variables.
A weighing factor was applied to all observations to compensate for over-sampling of certain categories of respondents in the study design. Results are presented in the form of odds ratios (OR) with 95% CI. The estimation of CI takes into account design effects due to clustering at the household level and at the level of the primary sampling unit. The adjustments for clustering at the household and primary sampling unit levels were done using the GEE technique for correlated data in the SAS System. 38 
Human subjects' informed consent
The analysis presented in this paper is based on secondary analysis of existing survey data with all identifying information removed. The survey obtained informed consent from each respondent (in this case, mothers of the children included in the analysis) before asking questions.
Results
About two-thirds (66%) of children live in households that rely primarily on high pollution biomass fuels (wood, dung, or straw) for cooking, 11% live in households using medium pollution fuels (charcoal or kerosene), and the remaining 23% live in households using low pollution fuels (LPG/natural gas or electricity) ( Table 1 ). Children are more or less evenly distributed by age and sex. The proportion of children in the sample declines by birth order, from 33% at birth order 1 to 23% at birth order 2, and 15% at birth order 3. Twenty-six per cent of the children are stunted, 54% are born to mothers aged 15-24, 31% have mothers with ജ6 years of education, and 19% have non-Christian mothers. Thirty-three per cent live in low standard of living households and 28% live in high standard of living households. Thirty-three per cent live in urban areas and 67% live in rural areas. By region of residence, the largest proportions are from Manicaland and Harare provinces (16% each) and smallest from Matabeleland North (5%), Bulawayo (6%), and Matabeleland South (6%) provinces.
Sixteen per cent of children under age 5 suffered from an ARI during the 2 weeks preceding the survey. The reported prevalence of ARI was much higher among children living in biomass-fuel-using households (18%) than among those living in households using low pollution fuels (10%) ( Table 1 ). Children aged 6-23 months were more likely to have suffered from ARI than children under 6 months of age or older children. This pattern of childhood disease rates peaking at 6-23 months is typical for ARI and diarrhoea in many developing countries. This may be partly due to start of supplementary feeding around 6 months of age, which increases the likelihood of consuming contaminated foods and removes the protection provided by breast milk. Also, children start crawling around this age and are more likely to be carried outdoors, which exposes them to infections. The disease rate typically declines as children grow older and start developing resistance.
Children from high standard of living households were considerably less likely to have had ARI (11%) than those from low or medium standard of living households (17-18%). The prevalence of ARI is much lower in urban areas (11%) than in rural areas (18%). By region of residence, the prevalence of ARI ranged from Bulawayo (4%) and Matabeleland North (5%) at the low end to Midlands (23%) and Mashonaland Central (28%) at the high end. The pattern of ARI prevalence by region of residence is generally consistent with the patterns of diarrhoea prevalence and infant and child mortality rates in Zimbabwe, and may reflect differential access to health care and climatic conditions. Prevalence of ARI did not vary much by sex of child, birth order of child, nutritional status of child, mother's age at childbirth, mother's education, or mother's religion. Children of birth order 2 and 3, children of younger mothers (aged [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , children of mothers with Ͻ3 years of education, and children of Christian mothers were somewhat more likely to have suffered from ARI than other children.
The unadjusted odds of having suffered from ARI are almost two times higher among children living in households using a Stunting is a measure of linear growth retardation in children. A child whose height-for-age is more than two standard deviation units below the median of the International Reference Population is defined as stunted. b Household standard of living index (SLI) is calculated by adding the following scores: 3 for a car or tractor; 2 each for a scooter/motorcycle, TV, telephone, refrigerator, piped/public tap water, flush toilet, electricity, wood/vinyl/asphalt/ ceramic/cement/carpet of main floor material; 1 each for a bicycle, radio. Index scores range from 0-2 for low SLI, 3-8 for medium SLI, 9-21 for high SLI. c Number of children varies slightly depending on the number of missing cases at each variable. high pollution biomass fuels than among those living in households using low pollution LPG/natural gas or electricity for cooking (OR = 1.95, 95% CI: 1.40, 2.71) (Table 2, Model 1). As expected, children from households using medium pollution charcoal or kerosene also had higher ARI prevalence (OR = 1.58, 95% CI: 0.96, 2.71) than those from households using LPG/ natural gas or electricity. The effect of biomass fuel use on ARI remains large and statistically significant when child's age, sex, birth order, and nutritional status are controlled in Model 2 (OR = 2.13, 95% CI: 1.45, 3.12). Controlling for child's demographic and physical growth characteristics sharpens the effect of biomass fuel use to some extent. When mother's age at childbirth, mother's education, mother's religion, and household living standard are additionally controlled in Model 3, the effect of cooking with biomass fuels remains virtually unchangedlarge and statistically significant (OR = 2.12; 95% CI: 1.19, 3.77). In the full model (Model 4), when region of residence is additionally controlled, the effect of cooking with biomass fuels on ARI prevalence sharpens further, and remains large and statistically significant (OR = 2.20, 95% CI: 1.16, 4.19). With cooking fuel type and other variables controlled, child's age and region of residence are the only variables that have statistically significant effects on ARI in children. As in the case of unadjusted ARI prevalence levels reported in Table 1 , adjusted odds of ARI in Model 4 are much higher at ages 6-23 months than at ages 0-5 months or 24-59 months. By region, adjusted odds of ARI are lowest in Matabeleland North, Bulawayo, and Mashonaland West provinces and highest in Mashonaland Central and Midlands provinces.
Discussion
ARI are a serious problem in Zimbabwe. Results of this study suggest that exposure to cooking smoke from biomass combustion is significantly associated with ARI prevalence in young children, independent of child's age, nutritional status, maternal education, household living standard, and other factors (OR = 2.20; 95% CI: 1.16, 4.19). These results are consistent with the earlier hospital-based case-control study of young Zimbabwean children 37 and provide further evidence that cooking with high pollution unprocessed biomass fuels can increase the risk of ARI in young children.
The mechanism by which cooking smoke can increase the risk of ARI is not fully understood. Exposure to biomass smoke has been associated with compromised pulmonary immune defence mechanisms. [39] [40] [41] [42] [43] Tobacco smoke also has been shown to cause depressed immune system responses. [44] [45] [46] [47] [48] Of the specific pollutants in biomass smoke, exposure to respirable particulate matter (PM 10 ) has been shown to induce a systemic inflammatory response that includes stimulation of the bone marrow, which can contribute to the pathogenesis of the cardiorespiratory morbidity. [49] [50] [51] [52] Other evidence indicates that exposure to polycyclic aromatic hydrocarbons (PAH)-especially benzo-[a]pyrene (B[a]P), which is found in large quantities in biomass smoke-can cause immune suppression and can increase the risk of infection and disease. [53] [54] [55] Moreover, acute and longterm exposures to oxides of nitrogen, commonly found in biomass smoke, can increase bronchial reactivity and susceptibility to bacterial and viral infections. 56, 57 It is, therefore, possible that extended exposure to high levels of cooking smoke can impair the pulmonary defence mechanisms, compromise the lung function, and render children more susceptible to ARI.
Several measurement constraints should be kept in mind when considering the findings of this study. First, because the survey did not collect information on tobacco smoking by household members, we were unable to control for environmental tobacco smoke (ETS), which is a known risk factor for acute respiratory illness in children. 58 Although data on mother's smoking were collected, maternal smoking is not a significant confounding factor because women rarely smoke in Zimbabwe (only 1.47% in the ZDHS sample).
Second, many households in Zimbabwe typically use a combination of cooking fuels, whereas we have information only on the primary cooking fuel. Our estimated effects are attenuated to the extent that a mix of biomass fuels and cleaner fuels is actually used by many households instead of biomass fuels alone.
Third, there is a possibility of some selection in the sample due to ARI-related mortality. To the extent that children living in poorer biomass-fuel-using households are more likely to die from ARI, our estimates of effect of cooking smoke on ARI are downwardly biased. However, given high prevalence of ARI and relatively small number of deaths in the sample, the impact of this bias on our estimated effect is likely to be small. Fourth, there is also a possibility of underreporting of ARI due to lack of awareness that the child had the disease during the 2-week reference period. To the extent that underreporting due to lack of awareness is greater among those living in households using biomass fuels, it would contribute to underestimation of the effect of cooking smoke on the prevalence of ARI.
Fifth, we were unable to control directly for urban/rural residence in the analysis owing to its collinearity with cooking fuel type (r = 0.95). However, our analysis includes controls for measures of socioeconomic status (SES) such as child's nutritional status, mother's education, and household living standard, which may provide some gradient of exposure within urban and rural populations. Also, the analysis controls for residence in the 10 provinces of Zimbabwe, including two exclusively urban provinces of Harare and Bulawayo. We feel that controlling for SES and region adequately controls for potential confounding effects of urban/rural residence. Moreover, other similar studies of national survey data have found no statistically significant effects of urban/rural residence on respiratory health after controlling for SES, and in these studies controlling for urban/rural residence did not alter the effects of cooking fuel. 28, 31 Sixth, we were unable to control directly for crowding in the household because the ZDHS did not collect data on number of rooms in the household. Indoor crowding tends to be correlated with biomass fuel use and may affect the risk of ARI. However, indoor crowding is controlled in our analysis to the extent it is correlated with birth order of child and with various measures of SES included in the analysis.
Finally, we were also not able to control directly for extent of use of medical services, because the survey did not collect any information on this subject. However, our set of control variables includes measures of SES, which are correlated with access to and use of medical services.
As mentioned earlier, information on ARI is based on mothers' reports and no clinical measurements were undertaken, and smoke exposure was ascertained from type of fuel used for cooking. Although the symptomatic definition used here is intended to measure acute lower respiratory infections (ALRI) in children, some acute upper respiratory illness may have been included in the reported prevalence. Because it is not possible to separate ALRI from these data, we use the term ARI in this study, not ALRI. In developing countries such as Zimbabwe, where clinical data on ARI are usually not available or very weak, the symptomatic definition of illness used here has been shown to provide a fairly accurate assessment of ARI in the population. 59 Moreover, indoor air pollution measurements in several developing countries have shown fuel type to be the best single indirect indicator of household pollution levels. 60 Despite these problems in the measurement of smoke exposure and ARI, the consistency in the size of crude and adjusted effects of biomass fuel use on childhood ARI suggests a possible 'exposure-response' relationship. To validate this relationship, our research needs to be followed by carefully designed epidemiological studies, with direct measures of smoke exposure and clinical measures of ARI. Such research is important because a large proportion of households in Zimbabwe and other developing countries rely on biomass fuels for household energy and ARI are a leading cause of ill health and death in young children.
Given heavy reliance on biomass fuels for household energy and high prevalence of ARI in children in Zimbabwe, the findings of this study have important implications for public health programmes and policy. The most important intervention to reduce exposure to indoor air pollution is to promote widespread use of cleaner fuels, such as LPG and electricity. However, given that many poor households in Zimbabwe that currently rely on biomass fuels are unlikely to be able to afford cleaner fuels any time soon, and given poor infrastructure to supply cleaner fuels to most rural households, widespread adoption of cleaner fuels is unlikely to occur in the short term. Therefore, the efforts need to focus on providing improved cookstoves designed to reduce exposure to smoke by means of improved combustion and improved venting, and designing public information campaigns to inform people about the health risks of exposure to indoor smoke. For such programmes to be effective, local needs and community participation should receive high priority.
KEY MESSAGES
• Household use of unprocessed biomass fuels (wood, dung, crop residues/grasses) exposes many women and young children in developing countries to high levels of toxic air pollutants indoors.
• In Zimbabwe, children in households using biomass fuels for cooking are more than twice as likely to suffer from acute respiratory infections as those in households using cleaner fuels (liquid petroleum gas [LPG]/natural gas, electricity).
• Governments need to promote widespread use of cleaner fuels, provide improved cookstoves, and inform people about health risks of indoor smoke.
